Abstract. The transition in the middle Pleistocene (-0.9 Ma) seen in •180 deep-sea-core records from relatively lowamplitude, high-frequency (41 kyr) to high-amplitude, low-frequency (100 kyr) ice volume variations under essentially the same orbital forcing can be attributed to a change from an all soft-bedded to a mixed hard-soft bedded Laurentide ice sheet through glacial erosion of a thick regolith and resulting exposure of unweathered crystalline bedrock. A one-dimensional ice sheet and bedrock model which includes transport of sediment and ice by subglacial sediment deformation demonstrates that a widespread deforming sediment layer maintains thin ice sheets before the transition which respond linearly to the dominant (23 and 41 kyr) orbital forcing. Progressive removal of the sediment layer eventually causes a transition to thicker ice sheets whose dominant timescale of change (100 kyr) reflects nonlinear deglaciation processes. In model simulations over the last 3 Ma initialized with no ice and a uniform 50 rn sediment layer the time series of ice volume and extent agree in several important aspects with the observed records.
Many hypotheses (summarized by Imbrie et al. [1993] ) have been developed to explain these two aspects of the evolution and response of the earth's climate system to the known orbital forcing. Generally speaking, a large number of models have successfully reproduced the -23 and 41 kyr cycles in direct response to the orbital Milankovitch forcing, but only a few have reproduced the observed dominant 100 kyr cycles with rapid and complete deglaciations over the last -0.9 Myr.
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0883-8305/98/97PA-02660512.00 To achieve the latter, it has been necessary to include additional physical processes (e.g., calving [Pollard, 1983] , meltwater discharge feedback [Pollard, 1983 [1995]).
We describe geologic data and modeling results which suggest that a change in the basal boundary condition of the Laurentide ice sheet was responsible for the middle Pleistocene transition. In particular, our hypothesis invokes only internal ice sheet mechanisms with no prescribed external trends except for Milankovitch orbital forcing. Our proposed mechanism accounts for the otherwise perplexing evidence that the late Pliocene-early Pleistocene Laurentide ice sheet was as extensive as but volumetrically significantly smaller (Figure 1 ) than the later, similarly extensive but volumetrically larger Laurentide ice sheet. Furthermore, modeling results identify how this change in ice sheet size, in turn, resulted in a different response of the ice sheet to the same orbital forcing, giving rise to the middle Pleistocene spectral change.
Geologic Records for Change in Basal Boundary Condition
The Laurentide and Fennoscandian ice sheets both developed at 2.6-2.8 Ma [Raymo, 1994; Clemens et al., 1996] Because the global õ•80 record suggests that late Plioceneearly Pleistocene ice sheets were volumetrically between one half to two thirds as large as late Pleistocene ice sheets (Figure  1) , the existence of a Laurenfide ice sheet during the late Pliocene and early Pleistocene that was as extensive as during the late Pleistocene must reflect a change from a thinner to a thicker ice sheet. Ice sheet thickness is controlled primarily by mechanisms at the base of the ice sheet which control ice movement. Ice sheets which move entirely by internal deformation of ice will generally be thicker than ice sheets which move by some combination of internal ice deformation, basal sliding, and subglacial sediment deformation (soft beds) [Paterson, 1994] Data from tills exposed at City Wide Rock Quarry section, Nebraska [Boellstorff, 1973 [Boellstorff, , 1978 Gravenor, 1975] . These relations suggest that erosion and transport of a regolith will yield mineralogies that differ from those of the source rocks but resemble those found in the weathering profile mantling the source rocks. Sediments derived from fresh bedrock by glacial and fluvial abrasion which have undergone minimal chemical weathering have essentially the same bulk mineralogy as the bedrock source . In contrast, the mineralogy of sediments derived from a heavily weathered crystalline bedrock reflect the composition of the regolith, not the bedrock .
Existing geologic data are consistent in identifying a change in sediment source from a regolith to fresh bedrock around the time of the middle Pleistocene transition.
The oldest (unweathered)tills in the glaciated midcontinent (>2 Ma) are relatively enriched in stable minerals and weathered products (iron oxides) and depleted in unstable minerals (hornblende, biotite, and apatite) compared to younger tills (Table 1) Another assumption is that the sediment is always saturated with just enough liquid water to transmit the vertical weight of the ice sheet. This requires the ice sheet base to be at the melting point; otherwise, the till is frozen, and no sediment deformation can occur. We have tested this assumption by predicting ice temperatures in the model, using a standard equation of vertical heat transfer involving conduction and vertical advection, with lower boundary condition from basal frictional heating and the geothermal heat flux, upper boundary condition from specified annual mean surface ice temperatures, and neglecting horizontal heat advection and thermal inertia [Paterson, 1981] . The annual surface ice temperature is estimated consistently with the mass-balance parameterization for B in (1) [Oerlemans, 1980] 
